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,  ABSTRACT 


A  previous  study  (l)^of  one-dimensional  gas-particle  nozzle  flows 
has  been  expanded  to  treat  axially  symmetric  nozzle'ft©w»?  Comparisons 
between  calculated  and  experimentally  measured  nozzle  efficiencies  are 
given  for  a  metallized  double  base  propellant  whose  exhaust  contains  38%' 
condensed  oxides.  It  is  shown  that  the  theory  predicts  the  performance  of 
this  propellant  in  nozzles  of  greatly  different  size,  shape  and  expansion 
ratio,  within  the  limits  of  the  experimental  measu  'ements.  It  is  concluded 
that  the  theory  adequately  describes  the  flow  of  gas  -particle  mixtures  in 


axially  symmetric  nozzles. 
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NOMEircLAIURE 

Cjj  -  Particle  drag  coefficient 

C  -  Gas  heat  capacity 

pg 

-  Particle  heat  capacity  (T^  > 

C  -  Particle  heat  capacity  (T  <  T _ ) 

ps  ^  '  p  ^  pm 

-  Satlo,  stcket 

h  -  Film  heat  transfer  coefficient 

-  Particle  enthalpy 

h  ,  -  Particle  enthalpy  after  melting  (T  »  T _ ) 

pi  p  pn 

h  -  Particle  enthalpy  before  melting  (T  i*  T _ ) 

ps  p  pn 

kg  -  Gas  thermal  conductivity 

L  •  Nozzle  length 

Gm  Mach  number 

fflp  -  Particle  density 

Nu  -  Particle  Nusselt  number,  Shr^/kg 

Pg  -  Gas  pressure 

Pr  -  Gtis  Prandtl  number  /*^g^pg/^g 

R  •  Gas  ccmstant 

* 

R  -  Nozzle  wall  radius  of  curvature  at  nozzle  throat 

r  -  Radial  cooztllnate 

r  -  Particle  radius 

P 
# 

r  >  Nozzle  throat  radixis 


Gas  temperature 


Farticlfi  teaparatuie 
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'i? 

P 


.*8 

^ P 
'*'P 


Particle  solidification  tenqjerature 

Gas  axial  velocity 

Particle  axial  velocity 

Gas  radial  velocity 

Particle  radial  velocity 

Coordinate  in  flow  direction 

Gas  adiabatic  expansion  coefficient 

Equilibrium  expansion  coefficient  for  gas-particle  system 

Nozzle  expansion  ratio 

Conical  nozzle  cone  angle 

Nozzle  exit  Up  angle 

Nozzle  inlet  angle 

Nozzle  initial  expansion  angle 

Gas  viscosity  ^:oefflcient 

Gas  density 

Particle  density  in  the  gas  (beused  on  gas  volume) 
Particle  stream  function 


Superscript 


« 


Eefers  to  throat  conditions 
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IHTHODUCTIOl 


Exparience  has  shotiu  that  the  efficiency  of  o^talllzed  propellants 
(delivered  tnrpulse/theoretlcal  Ir^iulse)  is  lower  than  the  efficiency 
of  non-icetalUzed  propellants.  This  decreased,  efficiency  has  been 
found  to  be  approximately  proportional  to  the  particle  vei^pit  fraction 
in  the  exhaust  gases.  In  addition,  perfomanee  losses  have  been 
observed  when  using  optimum  contoured  nozzles  (calculated  assuming 
gas-particle  equlllbzlun)  with  metallized  prc^llants.  These  facts 
sxiggest  that  non-equlUbrlm  gas-p6urtlcle  effects  should  be  con¬ 
sidered  when  making  performance  predictions  for  metallized  propellants. 
A  study  v3.)  vas  first  made  of  one  dimensional  gas-particle  nozzle 
flows.  It  was  found  that  gas-particle  non-equiUbrlua  effects 
beccsne  iii^rtent  if  the  particle  diameter  Is  greater  than  oae  micron. 
For  larger  particle  sizes,  the  predicted  mm-eguiUbrium  effects 
were  In  qualitative  agreement  with  experimental  results.  The  present 
investigation  is  essentially  an  extension  of  the  above  study  to 
axially  symmetric  gas-particle  nozzle  flows. 

CHABACTERISnC  RSLATIONSHIFS  OF  GAS-PAmCLB  SISISCS 
The  eguation'i  governing  the  flow  of  a  gas-particle  mixture  have 
been  previously  derived  (p.)  and  are  given  below  for  axially  synoKtrleal 


i. 
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(1) 

(2) 
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(^) 
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(7) 
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where 

T,  .  +  ^r-^nr  ,  >/ 
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■r.  «  X  Kk  '>'  >  t,,  (10b) 

\  h  ,  >>  ^  (10c) 

(Por  almpllcity  of  pre.-entatlon,  only  one  particle  size  will 
be  considered  in  the  derivation  of  the  characteristic  relation¬ 
ships  of  gas-particle  systems  in  this  report.  Ccmtplete  details 
of  the  theoretical  treatment  of  gas-particle  flows  (including 
consideration  of  a  particle  size  distribution  in  the  flow)  axe 
given  in  reference  (2).  Eie  calculations  presented  in  this  paper 
consider  the  measured  pasrticle  size  distribution  (3)  present  in 
the  flow  unless  otherwise  noted.) 


The  basic  assumptions  made  in  deriving  the  above  equations 


are: 

(1)  There  are  no  mass  or  energy  losses  from  the  system. 

(2)  The  particles  do  not  interact. 

(3)  The  thermal  (Brownian)  motion  of  the  particles  does  not 
contribute  to  the  pressure  of  the  system. 

(4)  The  internal  temperature  of  the  particles  is  uniform. 

(5)  Enerr  exchange  occurs  between  the  particles  and  the 
gas  <mly  by  convection. 

(6)  ihe  gas  is  considered  to  be  a  perfect  gas  of  constant 
composition. 
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(7)  Bie  gas  is  inviscid  except  for  the  dreg  it  exerts 
on  the  particles. 

(8)  Ohe  tbezvtal  heat  capacities  of  the  gas  and  particles 
are  constant. 

(9)  The  voluse  occupied  hy  the  particles  Is  negligible. 

These  sane  assumptions  have  been  used  in  previous  studies  (1^  #} 
of  the  one  dimensional  flov  of  gas^partiele  ^sterns. 


j 

V  - 


It  has  been  found  (2)  that  the  complete  ^stea  of  characteristics 
of  the  above  equations  are: 

ALiMig  gas  stresollnes 

^  ^  ^  (11) 

ALmg  gas  Mach  lines 

4a  ^  1  ^yyy1^^Q  ilk) 

j\t  \  [3.  W 

I  ^  «  u  »  V  ■* 


4> 
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-U^<kT>^  U 


(15) 

Along  particle  streamlines, 

(16) 

1  ^ ' 

(17) 

Vp^vy  . 

s.  1  ^Ap.-vy^^tv. 

(18) 

(19) 

z  0 

(20) 

where 

is  the  particle  stream  function  defined  by 

-■ 

(20a) 

-iVp,V, 

(20b) 

It  is  seen  that  edl  the  characteristics  of  the  equations 
governing  the  flow  of  a  gas-particle  system  are  real  if  the  flow 
is  supersonic  (M>1).  Using  the  above  relationships,  one  may 
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.1  . 
compute  the  supersonic  flow  of  a  gas-particle  mixture  using  the 
method  of  characteristics.  Figure  I  illustrates  the  ctoracteristic 
mesh. 


It  is  interesting  to  note  that  one  of  the  chairacteristic 
directions  of  the  above  equations  is  identical  with  the  gas  Mach 
lines  independent  of  the  presence  of  the  pai-tlcles.  This  result 
is  similar  to  the  situation  fo\md  in  reacting  gas  mixtures  (5)  in 
which  one  of  the  characteristic  directions  is  also  identiced  with 
the  gas  Mach  lines  independent  of  chemical  reactions  occurring  in 
the  flow. 

TRAHSONIC  FLOW  OF  A  GAS-PARTICLS  SYSTEM 

To  solve  the  equations  governing  the  transonic  flow  of  a  gas- 
particle  mixture  is  an  extremely  formidable  task.  For  perfect  gas 
flows,  one  can  obtain  approximate  transonic  solutions  by  taking 
perturbations  about  the  sonic  velocity  (6,  7).  This  method  is 
applicable  for  perfect  gas  flows  because  the  throat  conditions  are 
essentially  determined  by  the  nozzle  geometry  in  the  immediate 
neighborhood  of  the  throat  and  are  quite  insensitive  to  the  nozzle 
inlet  geometry.  This  is  not  true  for  gas -particle  flows  as  the 

throat  conditions  are  determined  by  the  nozzle  inlet  geometry  (1). 
Thus  to  obtain  Initial  conditions  to  steurt  a  chauracteristic  calcu¬ 
lation  for  a  gas-particle  system,  one  must  solve  for  the  complete 
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subsonic  and  transonic  flow  field  in  the  nozzle  inlet  and  throat 
regions . 


One  (can  obtain  interesting  qualitative  information  about  the 
transonic  flow  of  a  gas-particle  mixture  by  such  a  perturbation 
method  however.  Let  us  consider  a  gas-particle  nozzle  flow  which 
is  essentially  in  equilibrium.  The  gas  properties  in  the  transonic 
throat  region  can  be  approximated  by  (1,  6) 


where 


and  the  nozzle  throat  location  is  given  by 


(21) 

(22) 

(23) 


From  equations  (7)  and  (8)  we  find  that  to  Sauer's  order  of 
approximation 


TM  7 106-0023 -MUOOO 
Page  11 


-  Kf  ^1'  \f!:  4  ^  1  (26) 

L  ^  TC  J 

where 


Examination  of  the  above  equations  show  that  the  particle  and 
gas  streamlines  diverge  in  the  throat  region  for  adl  particJe  sizes 
even  though  the  flow  may  be  essentieilly  in  equilibrium.  Thus  the 
particles  concentrate  along  the  nozzle  axis  which  greatly  complicates 
calculation  of  the  gas-parti;le  flow  properties  in  the  nozzle  throat. 
This  is  illustrated  in  Figure  II, 

It  has  been  shown  (l)  that  the  Mach  number  in  a  gas-particle 
nozzle  flow  is  less  than  one  at  the  nozzle  throat.  For  typiceuL 
metallized  propellants  calculations  show  that  the  Mach  nxanber  is 
approximately  .8  at  the  throat.  Hence,  the  transonic  zone  in  a 
gas-particle  flow  extends  downs\ream  of  the  throat.  Because  of 
this,  a  discontinuity  in  the  wall  radius  of  curvature  at  the 
throat  will  have  a  great  influence  on  the  flow.  Thus  it  will  be 
extremely  difficult  to  calculate  the  gas-particle  flow  properties 
in  a  throat  region  of  a  nozzle  having  different  wall  reuiii  of 
curvatures  upstream  and  downstream  of  the  throat. 
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From  the  above  discussion,  it  is  evident  that  one  can  only 
obtain  approximate  solutions  to  the  equations  governing  the 
transonic  flow  of  a  gas-particle  system.  In  order  tc  reduce  the 
complexity  of  the  calculations,  the  nozzle  inlet  and  threat 
geometry  considered  in  this  study  consisted  of  a  conicsd  inlet 
section  Joined  smoothly  to  a  constant  radius  of  curvature  throat 
section.  This  geometry  is  shown  in  Figure  III.  It  is  believed 
that  this  simplified  geometry  adequately  represents  the  inlet 
and  throat  geometry  of  nozzle  configurations  of  Interest. 


( 


\ 


APPROXIMATE  METHOD  FOR  OBTAININC-  GAS-PARTICLE 
TRANSONIC  FLOW  CONDTIONS 

The  following  method  was  used  to  obtain  approximate  initial 
conditions  for  the  characteristic  calculations.  In  the  conical 
inlet  section,  the  flow  was  assumed  to  be  a  one-dimensional  sink 
flow.  The  equations  governing  the  one -dimensional  flow  of  a  gas- 
particle  system  were  solved  to  obtain  the  flow  properties  on  the 
sink  line.  The  gas  properties  in  the  throat  region  were  approxi¬ 
mated  by  the  perfect  gas  relationships  and  particle  treijectories 
were  calculated  through  the  throat  region  to  detennine  the 
peurtlcle  properties  along  the  initial  line.  An  average  expansion 
coefficient  approximating  the  gas-particle  expansion  (including 
the  effects  of  gas-particle  non-equilibrium)  was  used  (l). 
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The  initial  conditions  thus  deteimined  were  self-consistent 
as  the  characteristic  calculations  proceeded  smoothly  away  from 
the  InitisO.  line.  Comparisbn  of  the  nozzle  weight  flows  obtained 
by  the  above  method  with  those  obtained  by  one -dimensional 
calculations  shows  that  the  two-dimensional  weight  flows  are 
slightly  less  than  the  one-dimensional  weight  flows.  This  agrees 
with  the  results  obtained  (8)  1  .  perfect  gases.  In  addition^  the 
above  method,  of  obtaining  the  gas-particle  flow  properties  aloxig 
the  initittl  line  is  exact  for  the  case  of  gas-particle  equilibria. 

It  is  concltided  that  the  gas-particle  flow  properties  determined 
sdong  the  initial  line  by  the  above  method  eure  an  adequate 
representation  of  the  true  flow  properties  for  nozzle  calculations. 

CCWPARISf.H  OF  SXPBRIMEKTAL  NOZZLE  FIRINGS  WITH 
CALCULATED  NOZZLE  PERFORMANCE 

The  experimental  nozzle  firings  which  will  be  compared  with  the 
calculations  are  firings  ccsiducted  by  the  Hercules  Powder  Company.  The 
altitude  nozzle  firinge  were  conducted  at  the  Arnold  Engineering  Develop¬ 
ment  Center  and  the  sea  level  nozzle  firings  were  conducted  at  the 
Hercules  facility  in  Baccus,  Utah.  Similar  firings  were  made  at  both 
facilities  which  edlows  direct  comparison  of  firings  at  either  site. 

Most  of  the  edtitude  nozzle  firings  have  been  previously  reported  (9). 
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All  of  the  firings  were  of  short  duration  and  were  made  with  engines 
containing  a  metallized  double  base  propellant  whose  combustion  products 
contain  385^  condensed  metal  oxides.  Most  of  the  firings  were  made  with 
forty  pouind  charge  (FPC)  engines  whose  configuration  is  shown  in  Figure 
IV.  Various  nozzle  configxirations  were  tested  and  the  parameters  used 
to  identify  the  nozzles  are  shown  in  Figure  V, 

All  compeurlsons  of  experimental  and  calculated  nozzle  performances 
will  be  made  on  the  basis  of  engine  efficiency  (delivered  or  calculated 
Impulse/theoretical  Impulse).  It  has  been  assumed  that  the  calculated 
theoretlced  Impulse  is  correct  and  no  allowance  has  been  made  for 
possible  inaccuracies  in  this  calculation. 

In  order  to  separate  expansion  losses  from  engine  heat  losses  and 

♦ 

nozzle  friction,  these  quantities  have  been  calculated  following  the 
method  suggested  by'Bartz  (10).  ilie  calculated  heat  and  friction  losses 
as  well  as  the  experimentally  measured  engine  efficiencies  are  given  in 
Table  I  for  a  series  of  conical  nozzles.  The  difference  between  the 
ceilculated  heat  and  friction  losses  and  the  measured  er.gine  losses 
was  assumed  to  be  expansion  loss  due  to  gas-particle  non-equilibrium 
in  the  nozzle. 

Calculations  of  the  expansion  losses  in  these  nozzles  due  to  gas 
particle  non-equilibri’am  in  the  nozzles  are  given  in  Table  II.  These 
calculations  were  made  assuming  various  particle  size  distributions 
present  in  the  flow.  The  particle  size  distributions  considered  were 
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the  nominal  particle  size  distribution  measured  during  these  I’irings 
(3)  and  possible  particle  size  distribu.  (ICT light  and  la  heavy) 
within  the  accuracy  of  the  measurements. 

It  is  seen  that  within  the  accuracy  with  which  the  various  quantltlec 
are  known,  the  calculated  losses  due  to  gas-particle  non-equilibrium 
in  the  nozzle  are  in  reasonable  agreement  with  the  experimental 
measurements  if  one  assumes  the  ic  light  particle  size  distribution 
is  present  in  the  flow.  Although  the  theory  seems  to  over  estimate  t^e 
gas-particle  non-equilibrium  losses  on  the  basis  of  nominal  estimates 
of  all  quantities,  it  is  felt  that  the  agreement  bet  ,.een  the  calculations 
and  the  experimental  measurements  is  quite  good  especially  when  one 
considers  that  no  allowance  has  teen  made  for  possible  inaccuracies  in 
the  calculated  theoretical  impulses.  In  all  further  comparisons  between 
the  calculations  and  experimental  measurements,  it  has  been  assumed 
that  the  lo* light  particle  size  distribution  -s  present  in  the  flow.  In 
addition,  the  calculations  have  beer,  adjusted  slightly  (less  than  .55^  in 
all  cases)  to  fit  one  of  the  experimental  measuremC' ,ts  in  the  set  of 
nozzles  being  compared. 

One  of  the  more  interesting  predictions  of  the  previous  one -dimensional 
study  (1)  is  that  the  throat  conditions  for  5  gas-particle  exhausw  m 
are  fixed  by  the  nozzle  inlet  geometry  and  that  one  can  change  nozzle 
performance  by  changing  only  the  nozzle  inlet  geometry.  Table  III 
compares  the  experimental  and  calculated  performance  of  a  set  of  cut-off 
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no7.zJes  ( (t  =  1)  in  which  only  the  wall  radius  of  curvature  in  the 
throat  section  was  vaiied.  Table  IV  compares  the  experimentsd  and 
calculated  perfcnnarice  of  a  set  of  nozzles  in  which  only  the  nozzle 
inlet  angle  was  varied.  It  is  seen  that  the  predicted  variation  of 
performance  with  changes  in  nozzle  inlet  geanetry  is  conflimed  by 
experiment . 

Table  V  compares  the  performance  of  similar  nozzles  of  different 
throat  size  v  i.h  the  calculated  seeding  effects.  (The  TPC  engine  is 
essentially  a  i/3  scale  FPC  and  the  Be-1  engine  is  similar  to  the 
ABL-X248  engine.  Although  these  nozzles  do  not  have  identical  Inlets, 
calculations  show  that  the  performances  of  the  TPC  and  Be-1  nozzles 
are  tdent^oal  with  geometrically  scaled  FPC  nozzles.)  It  is  seen 
that  the  predicted  scaling  effects  are  confirmed  by  experiment. 

Table  VI  and  VII  cesapare  the  experimental  and  calculated  performance 
of  conical  and  contoured  nozzles  of  the  same  length  and  expansion  ratio. 

It  is  seen  that  the  calculations  adequately  predict  the  performance  of 
the  contoured  nozzles.  It  is  cf  interest  to  P0(.e  that  particle 
impingement  occurred  on  the  lips  of  the  two  contoured  nozzles  in  Table  VI. 
The  calculations  predicted  particle  impingement  on  the  lip  of  the  more 
highly  contoured  nozzle. 

Tahle  VII  compares  one -dimensional  and  the  axially  symmetric 
csilculatlons  for  a  set  of  conical  nozzles.  It  is  seen  that  the  one¬ 
dimensional  calculations  underestimate  the  expansion  losses  due  to  gas- 
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particle  non-equilibrium  by  approximately  .75/&-  It  thus  appears 
that  one  can  estimate  gas-particle  non-equilibrium  losses  quite 
adequately  for  conical  nozzles  through  use  of  one -dimensional  gais- 
particle  calculations. 

SUMMARY 

From  the  above  comparisons  of  experimental  and  calculated 
nozzle  efficiencies  of  metallized  propellants  it  is  concluded  that 
one  can  predict  the  efficiency  of  these  propellants  by  considering 
engine  heat  and  friction  losses  and  expansion  losses  due  to  gas- 
particle  non-equilibrium  in  the  nozzle. 

It  has  been  shown  that  the  theoretical  predictions  of  the  effects 
of  the  nozzle  inlet  and  throat  section,  nozzle  contouring  and  nozzles 
size  on  performance  are  in  reasonable  agreement  with  experiment.  It 
is  concluded  that  present  theoretical  treatment  adequately  describes 
axially  symmetric  gas-particle  nozzle  flows. 
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) 

V.  . 


Measured  Gas-Particle  Non-Equilibrium  Expansion  Losses  in 

Conical  Nozzles 


e. 

3.5 

20 

24 

24 

24 

24 

No.  Firings 

2 

3 

8 

3 

2 

2 

r* 

1.32" 

1.32" 

1.32" 

1.32" 

1.32" 

1.32" 

RVr* 

2 

2 

2 

5 

5 

5 

0. 

1 

30° 

30° 

30° 

30° 

30° 

30° 

e 

25.2° 

21.5° 

24° 

12° 

18® 

24® 

Calc.  Heat 

Losses 

.6t.2% 

.8±.2% 

.9^.3% 

1.3-45t 

i.ii.33t 

l.oi.33t 

Cede.  Friction 
Losses 

.7-.25t 

i.si.sn 

l.ht.ki 

2.9-. 95t 

2.ot.6% 

l.6i.53t 

Meas*  Engine 
Efficiency 

95.4i.3?t 

9^.7i.3Jt 

95.li.33t 

95.li.33t 

95.li.33t 

Meas.  Expansion 
Losses 

3.3-.7]l 

s.oti.ojt 

3.oti.3i 

.7^1.631 

1.8il.23t 

2.3il.l3t 

TABIf  II 


Calculated  Gas-Bsirtlcle  Non*£qulllbzl\im  Expansion  Losses 

in  Conical  Bbzzles 


€ 

3.5 

20 

24 

24 

24 

24 

Ro.  Firings 

2 

3 

12 

3 

2 

2 

r* 

1.32" 

1.32” 

1.32" 

1.32" 

1.32" 

1.32" 

R*/r» 

2 

2 

2 

5 

5 

5 

®i 

30® 

30® 

30® 

30® 

30® 

30® 

Q 

25.2® 

21.5® 

24® 

12® 

18® 

24® 

Calc.  Expansion 

5.oil.03t 

4.8il.03t 

4.9ii.03t 

3.5il.03t 

4.lii.03l 

4.6ii.03t 

Losses 
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TABUS  III 

Comparison  of  The  Ebcperlmental  and  Calculated 

Effect  of  Changes  lu  The  Nozzle  Throat  Geometry 

€ 

1 

1 

1 

1 

1 

1 

1 

No.  Firings 

1 

3 

3 

3 

3 

3 

3 

* 

r 

1.32” 

I.U5" 

1.32" 

1.32" 

1.32" 

1.32" 

1.32" 

* 

R/r 

1 

2 

3 

5 

7 

9 

15 

®i 

30° 

30° 

30° 

30° 

30° 

30° 

30° 

Meas.  Efficiency 

91.556 

9O.5t.456 

92.2t.456 

9i.6t.356 

92.3t.556 

92.9t.356 

93. it. 556 

Calc.  Efficiency 

90.656 

91.356 

91.856 

92.356 

92.656 

92.956 

93.256 

TABUS  IV 

Compcxlson  of  The  Experimental  and  Calculated 

Effect  of  Changes  in  The  Nozzle  Inlet  Angle 

€ 

3.5 

3.5 

3.5 

No.  Firings 

1 

3 

3 

r» 

1.32" 

1.32" 

1.32" 

R*/r* 

2 

2 

2 

5*^ 

15° 

30° 

e 

15^^ 

15° 

15° 

visas.  Efficiency 

96.ot.55t 

95.4t.556 

95.0t.556 

Calc.  Efficiency 

95.75t 

95.456 

95.256 

TABLE  V 


Comparisons  of  Calculated  and  Experimental 
Effects  of  Changes  in  Nozzle  Throat  Radii 


e 

3.5 

3.5 

24 

24 

Engine 

TPC 

FTC 

BE-1 

PPC 

No.  Fired 

3 

3 

2 

8 

r 

XT 

1.32" 

2.50" 

1.32" 

R  /r 

2 

2 

2 

2 

zi.^ 

30° 

90° 

30° 

0 

15° 

15° 

24° 

24° 

lieas.  Efficiency 

93.O-.35i 

95.4i.35i 

95.5i.35i 

94.7i.55i 

Calc.  Efficiency 

93.05i 

95.45i 

95.35i 

94.75i 

*Efficiency  corrected  for  rubber  liner  lose 
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TABLE  VI 

Comparison  of  Calculated  and  Experimental 
Effects  of  Nozzle  Contouring 


•  24 

24 

24 

No.  Fired 

8 

8 

3 

* 

r 

1.32" 

1.32" 

1.32" 

R  /r 

2 

2 

2 

/  * 

Lfr 

9.02 

9.02 

9.02 

®1 

30° 

30° 

30° 

Contour 

Cone 

Rao 

Mod.  Rao 

24° 

33.6° 

45° 

24° 

14.2° 

12.4° 

Meas.  efficiency 

100.  Ojt 

99.956 

98.156** 

* 

Calc,  efficiency 

100.056 

100.156 

98.856** 

*  Based  on  cone  efficiency 

**  Particle  Impingement  on  nozzle  lip 


TM  riO6.0023-M(J0O0 
Rige  2h 

TABLE  VII 

Comparison  of  Calculated  and  ExjH^rlmental 
Effects  of  Nozzle  Contouring 


e 

20 

20 

20 

20 

20 

No.  Fired 

4 

3 

3 

3 

3 

* 

r 

1.32" 

1.32" 

1.32” 

1.32'' 

1.32" 

R  /r 

2 

2 

2 

2 

2 

/  * 

L/r 

9.21 

9.21 

9.21 

9.21 

9.21 

30° 

30° 

30° 

30° 

30° 

Contour 

Cone 

Arc 

Arc 

Arc 

Arc 

21.5° 

23.5° 

25.0° 

26.0° 

27.0° 

®e 

21.5° 

19.5° 

18.0° 

17.0° 

16.0° 

* 

’'eas.  Efficiency 

100. 05i 

100.456 

100.756 

100.756 

100.256 

* 

Calc.  Efficiency 

100.  Ojt 

100.356 

100.556 

100.656 

100.356 

♦Based  on  cone  efficiency 


I 
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TABLR  VIII 

Comparison  of  One-Dimsnsional  and  Two-Dimensional 
Calculated  Nozzle  Efficiencys 


e 

3.5 

20 

24 

24 

24 

24 

No.  Firings 

2 

3 

12 

3 

2 

2 

* 

r 

1.32” 

1.32" 

1.32" 

1.32" 

1.32" 

1.32" 

R  /r 

2 

2 

2 

5 

5 

5 

®i 

30® 

30® 

30° 

30® 

30° 

30° 

0 

25.2® 

21.5° 

24° 

12° 

18° 

24° 

Efficiency  -  ID 

Efficiency  -  2D 

100. 55t 

100. 85^ 

100.856 

100.536 

100.756 

100 .8  J6 

I 


<>■ 

) 


Data  line 
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Figure  /  Gas-Particle  Characteristic  !fesh 

r  '  ' 


*  tf 


Figure  IT  Gas-Particle  Transonic  Flow 


riprare  V  Nozzls  Contour  Pararcctere 


